Introduction
An acidityc onstant (pK a )i safundamentalq uantity in solution chemistry.Ap lethora of reactions, be it chemical or biochemical, are determined by ap roton-transfer step, forw hich the balance is determined by the pK a of the compounds participating in the reaction. The reactions tudied in this work is the deprotonation of an acid AH to the conjugated base A À in aqueous solution [Eq. 
in which DG o a is the standard dissociation free energy, k B is the Boltzmann constant, and T is the absolute temperature. This free-energy differenceb etween the protonated and deprotonated state is the central quantity that needs to be calculated.
Our specific interest in calculating pK a values arises from the development of novel sensor materials:h alochromic( pH-sensitive) dyes can be incorporated into polymeric structures to give pH-sensitive polymers that can be used in woundb andages, protectivec lothing, and so on. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In recent developments,t hese dye molecules were modified to include reactive or polymerizable groups. [11] This resulted in am aterial for which the dye was covalently bound to the host material, which greatly improved the leaching properties. This modification, however,c hanged the molecular structure of the dye and therefore also its halochromic properties.F or ap H-sensitive wound bandage, for example, ap K a around 6.5-7.0 would be ideal. [12] Thes ynthesis and purification of these modified dye molecules can be at iresome process, and theoretical calculations can provideatrue added value for obtaining molecular insight into the factors governing the pH-sensitive behavior. Ideally, dye molecules could be designed to yield halochromic behavior in the desired pH region. This requires techniques that are not only able to explain experimentally observed pHsensitivep roperties but that are also accurate enough to be used in apredictive manner.
Because of the importance of acidity constants in solution chemistry,alot of efforth as been put into the calculation of pH-Sensitive dyes are increasingly appliedo np olymer substrates for the creation of novel sensor materials. Recently, these dye molecules were modified to form ac ovalent bond with the polymer host. This had al arge influence on the pHsensitivep roperties, in particular on the acidity constant (pK a ). Obtaining molecular control over the factors that influence the pK a value is mandatory for the future intelligentd esign of sensor materials. Herein, we showt hat advanced molecular dynamics (MD) methods have reached the level at which the pK a valueso fl arge solvated dye molecules can be predicted with high accuracy.T wo MD methods were used in this work: steeredo rr estrained MD andt he insertion/deletions cheme. Both were first calibrated on aset of phenold erivatives and afterwards appliedt ot he dyem olecule bromothymol blue. Excellent agreement with experimental values was obtained, which opens perspectivesf or using these methodsf or designing dye molecules. these values. [13] [14] [15] Thanks to developments in solventr eaction field methods, [16] [17] [18] forw hich the solute is placed inside ac avity in ad ielectric continuum, the pK a values of molecules in solution have been successfully calculated by using static calculations. [19] This procedurereliesonthe calculation of alimited number of points on the potential energy surface. Mostly, at hermodynamic cycle is used and the only empirical input is the aqueous solvationf ree energy of the proton. [20] [21] [22] [23] [24] [25] [26] It was previously shown that adding explicit solvent molecules inside the cavity can improve the accuracyo fc alculated pK a values, although it is challenging to determine the necessary amount of water molecules. [27] [28] [29] [30] [31] [32] [33] To treat more complex molecular environments, such as polymericm aterials, one needs to go beyondc ontinuumt echniques. Am ore advanced approach is to explicitly take the solvent into account by treating both the compound and the environment( in this case the solvent) at the same level of theory. This can be done by employing density functional theory (DFT)-based molecular dynamics (DFTMD) simulations. [34, 35] The advantage of DFTMD is the uniform treatment of the entire system,w hich allows not only electronic polarization of the solventa nd solute but also explicit interactions such as hydrogen bonds. Herein, we use such techniques, as they allow to sample the entire proton-transfer process while taking the dynamic solvent environmentinto account. [36, 37] Previously,w ew ere able to experimentally measuret he pK a values of ar ange of sulfonphthaleine dyes, forw hich the general structure is visualized in Figure 1 . [38, 39] The next step in designing dyes engineeredt owards specific applications,h owever,r equires at horough understanding of the molecular factors governing the pK a .Areliable procedure is needed to reacht his goal. Hereto, we used two advanced molecular dynamics (MD) methods that fully captured the effects of the molecular environment, which weref irst evaluated on their validity for as et of phenol derivatives. Computational screening of severals ulfonphthaleine dyes would be too computationally demanding. The phenol derivatives chosen in this work bore substituents similar to those found in sulfonphthaleine dyes (Table 1) and were previously studied by static approaches. [21] Afterwards, the most suited procedurew as applied to bromothymol blue, as ulfonphthaleine dye for which R 1 = iPr,R 2 = Br,a nd R 3 = CH 3 and for which we previouslyf ound ap K a value of 7.4. [38] This paper is organized as follows. First, we give ab rief overview of the two MD techniques for the determination of the pK a values, after which the results for the substituted phenols and bromothymolb lue are presented.
Advanced MD Techniquesf or pK a Determination
Proton-transfer reactions have been the subject of various studies. [40] [41] [42] [43] The difficulty in studying these reactions with MD methodsi st hat protont ransfer is ar are event. AdvancedM D methodsa re, therefore, required to simulatet hese processes, as the timescale of aM Dr un is typicallyo ft he order of af ew picoseconds. One class of methods appliesa ne xternalb iasing potentialt ot ransfer the proton in ac ontrolled mannera long ar eaction coordinate. This is often referred to as restrained or steeredM D [44] [45] [46] [47] [48] [49] [50] [51] and was pioneeredb yS prik and co-workers specifically for pK a calculations. [52] The idea behind this method is to integrate the force neededt o" drag" the system from the protonated state to the deprotonated state, from which the free energy can be determined. [53] The choice of reactionc oordinate can sometimes be cumbersome, as will be explained in Section2.1 and Appendix A.1.
The group of Sprik developed another interestinga pproach to calculate pK a values. [54] [55] [56] [57] Thism ethod concerns the reversible elimination of protons and electrons, which allows redox potentials and acidity constants to be calculated on the basis of the principles of the Marcus theory of electron transfer. [58, 59] The pK a calculation itself is based on an insertion/deletion scheme, for which Reaction (1) is split into two half-reactions and the free-energy change can be determined on the basis of thermodynamic integration.T his method has been successfully appliedt os everal aqueous systems, [60] and Cheng et al. concluded that an accuracy of 1-2 pK a units is feasible. [57, 61] This methodi sd iscussed in Section 2.2 and Appendix A.2.
It was previously shown that performing MD simulations can greatly improve the accuracyo fc alculateda bsorption wavelengths of dye molecules (in combination with time-dependent DFT) compared to static calculations. [62] As will be shown here, MD simulations are also effective for calculating the pK a values Figure 1 . General structure of the sulfonphthaleine dye class;for bromothymol blue:R 1 = iPr,R 2 = Br,and R 3 = CH 3 . Table 1 . List of molecules considered in this work and their experimental acidity constants.
Compound
Experimental pK a phenol (1)10.0 [93] 2-chlorophenol( 2)8.5 [94] 3-chlorophenol( 3)9.1 [93] 4-chlorophenol( 4)9.4 [93] 2-bromophenol (5)8.5 [95] 2,6-dibromophenol (6)6.7 [93] 2,4-dibromophenol (7)7.8 [93] 2-methylphenol (8)10.3 [96] 3-methylphenol (9)10.1 [96] 4-hydroxybenzoic acid (10)9.3 [93] bromothymol blue (11)7.4 [38] ChemPhysChem of large solvated systems. In Section2,t he theory of restrained MD and the insertion/deletionm ethod will be discussed. In Section3,b oth methods are applied to phenol derivatives, and the results will be discussed. Afterwards, the solvated dye bromothymol blue will be studied.
Restrained/Steered MD
During ar estrained MD simulation, [63, 64] the system is gradually moved along ac hosen reactionc oordinate (collective variable) from the reactants tate (e.g. the acid AH (aq) )t ot he product state (e.g. A À ðaqÞ þ H þ ðaqÞ ). The free-energy difference (DF)b etween the reactant and product states is equal tot he work required to shift the system along the chosen coordinate;i tc an be calculated by integrating the force (f)a long the coordinate [Eq. (3)]: [53, 65] 
in which we set F(q 0 ) = 0. The parameter q needs to be aw ellchosen reactionc oordinate, in which q 0 and q 1 correspond to the reactanta nd product states, respectively.T his integral is approximated by keeping the system fixed at several values of q by as trong spring, while still allowing for small fluctuations. This is done through the software package PLUMED. [66, 67] From at hermodynamic point of view,t he Hess law ensures that the resultingpK a is independent of the chosen reaction path. However,f rom ac omputational point of view,t he description of the molecular reaction depends on the choice of one or multiple collective variables. If poorly chosen, the subsequent sampling of the phase space may be influenced by this choice. Therefore, the specific choiceo ft he coordinate space is crucial to sample the relevant parts of the free-energy surface. [68] [69] [70] [71] Twoc oordinatesa re commonly used to study proton-transfer reactions:acoordination number or ad ifference in distance. [53] These coordinates have the issue that they are not able to track the position of the acidic proton during the entire deprotonation reaction, which is explained in detail in Appendix A.1. To circumvent this issue, ad ifferenta pproachi sp roposed here. In the complete reaction, the proton is transferred from its positioni nt he parent molecule (bonded to the donor oxygen atom) to the aqueous solution. We will assume that this occurs in the form of ah ydronium ion, but this will be discussed furthero n. As was observed in simulations with the abovementioned collective variables, [53] the acidic proton escapes and migrates furthera way from the donating atom into the solventb ox. The product state of the deprotonation reaction is indeed the one for which the anion and hydronium ion are as far away from each other as possible, which would allow both ions to have their own solvation layer.D uring this reaction, the coordinationn umber of the donating oxygen atom will drop andt he coordination number of the water molecule that accepts the acidic proton will increase. Therefore, we propose to use ad ifferencei nc oordination number as the reactioncoordinate [Eq. (4)]:
in which n c is the coordination number and r 0 is the cutoffd istance. The choice of the accepting water molecule will be discussed in Section 3.1. For aw ater molecule in the second solvation layer,this coordinate is illustrated in Figure2.
The goal of using this coordinateist ob ea ble to sample the entire reaction:f rom the acid molecule in solutiont ot he deprotonated state, including the migration of the protonf urther away from the conjugatedb ase. This also includes the sampling of ap roton wire if the proton is transferredt hrough the solution.T he cutoff radius r 0 is set to 1.2 .A ti ntermediate values of Dn c ,t his will correspond to as ituation in which both the donating and accepting oxygen atoms tend to have ap roton in their proximity.T he acidic protonw ill therefore remain between both oxygen atoms, which would put some strain on the protonw ire. The smoothing parameters n and m are chosen to be 8a nd 16, respectively,w hich resultsi narelatively steep switching function. It is also important to mention that for 4-hydroxybenzoic acid, aq uadratic wall is used to keep the coordination numbers of both oxygen atoms of the carboxylate group low; otherwise, the acidic proton would simply reattach to the phenol at the carboxylate group instead of remaining in the solvent.
To summarize, the differencei nc oordinationn umbers Dn c allowsu st oe ffectively sample the entire reaction, including the proton wire, in aone-dimensional coordinate.
Insertion/Deletion
The particle insertion/deletion scheme was first proposed by the Sprik group. [54, 55, 57] The essential parts of the methodology are summarized here;f or am ore in-depth discussion the readeri sr eferred to theliterature of the Sprik group. [54] [55] [56] [57] Figure 2. In the reactants tate (protonated phenol), the coordination number of O AH is close to 1, whereas the coordination numbero fO w (from aw ater molecule in the second solvationl ayer) is close to 2. Dn c is thus equal to À1. In the product state, the phenol is deprotonated and the water molecule has become ah ydronium ion;consequently, Dn c is equal to À3. Forcing Dn c from À1t oÀ3byr estraining potentials will thus cause O AH to deprotonate. This protonw ill be transferred through ap roton wire,with the water molecule from the first solvation layer as a" bridge" to the accepting oxygen atom O w .
To tal Reaction (1) is split up into two half-reactions [Eqs. (5) and (6) Herein,a ni ntermediate step in the gas phase is used. One can interpret this as the proton being removed from the solvated acid AH to the gasp hase (deletion)a nd inserted in ap ure water box, as illustrated in Figure 3 . By combination of the two simulations, the total free-energy change can be obtained. The derivation followed here is written down for the acid AH, but it is identicalf or ap roton in solution (e.g. in the form of ah ydronium ion, H 3 O + ). The total energy E is defined as al inear function depending on ac oupling parameter h,w hich can take values from 0t o 1[ Eq. (7)]:
For h = 0, the systemi si nt he protonated state (i.e. AH), whereas for h = 1t he deprotonated state (A À )i sr etrieved. The intermediate values correspond to am ixture of AH and A À ; this implies partial deprotonation, whichh as no experimental counterpart.
The simulations in this work will be performed in the NVT ensemble,w hich implies constantv olume, V.T he pK a will therefore be calculated from aH elmholtz free-energy change, DF,i nsteado faGibbs free-energy change, DG.T he difference in free energy, DF,can then be written down as [Eq. (8)]:
To determine the derivative of the free energy with respect to the couplingp arameter,t he partition functiono fasystem with an energy functiont hat depends on h is first written down [Eq. (9)]:
in which N is the number of particles, L is the thermal wavelength,a nd b = (k B T) À1 . The free-energy derivative can then be writtena sa ne nsemble average [Eq. (10) 
Employing Equation (7), the derivative of the internal energy can be written as [Eq. (11)]:
This formula requires careful interpretation. Although DE is defined as av ertical energy gap and in that way independent of h,t here is still an implicit dependence of h.I ndeed, the potential energy surfacea nd, thus, the nuclearc oordinates are dependento nt he specific value of h.F or the propagation of the MD simulations,t he forces are weighted by h,a si llustrated in the workflow given in Figure 4 . Each value of h defines adifferent mixinga nd, therefore, also requires ad ifferent MD simulation. As ar esult, one obtainsa ccumulative averaging energy gaps as afunction of h (see below).
Finally,t he free-energy difference [Eq. (8)] can be written as [Eq. (12)]: 
in which DE AH ¼ DE hi 0 is the ensemblea verageo ft he vertical deprotonation energy gap of the acid AH (h = 0) and
hi 1 is the corresponding average for the conjugated base A À (h = 1).
If the protoni si nserted/removed, this will, in general, give rise to as ubstantial reorganization of the surrounding solvent molecules. Nonlinear effects are therefore expected and the numerical integrationo fE quation (12) may requireabetter quadrature by using at hree-point integration formula (evaluating in h = 0, 0.5 and1 )[Eq. (14)]:
Instead of the three-point trapeziumq uadrature (Simpson's rule), aG auss-Legendre quadrature can also be used [Eq. (15)]:
Besides providing accuracyu pt oh ighero rder, [72, 73] the latter has the advantage that the end points of the integration interval are not taken into account (as explained in Section3.2). The practical implementation andf inal pK a expression are discussed in Appendix A.2.
Results and Discussion
Ta ble 1l istst he molecules under study with their experimental pK a values. For each molecule, the acidity constantsw ill be calculated and rationalized. The pK a values of the different phenol derivativesc an be easily understood from the electron-donating/withdrawing effect of their substituent(s). [38] The halogen atoms in compounds 2-7 cause the pK a to drop with respect to unfunctionalized phenol (1). The electron-withdrawing effect of these substituents results in decreased charged ensity in the aromatic system;c onsequently,amore acidic environment is needed to stabilize the acid proton. Am ethyl group has as mall electron-donating effect, which translates into slightly higher pK a values for compounds 8 and 9.C ompound 10 has as lightly lower pK a value than 1,w hich indicates that the carboxylate group, even thoughi ti sa lready negatively charged, still allows for some stabilization of the extra negative charge upon deprotonation of 10.F or chlorine-substituted phenols 2-4,aclear trend in the substituent as af unctiono f its positionc an also be seen. How accurate these effects can be reproduced will depend on how well the chosen level of theory is able to capture these electron-donating/withdrawing effects.
Restrained MD
In this work, ad ifference in coordination number (Dn c )i su sed as the reaction coordinate, as explained in the previouss ection. The value of Dn c is calculatedb etween the donating oxygen atom of the phenol (the acid AH) and the oxygen atom of the accepting water molecule. The mosti mportant choice to be made is the selection of the water molecule to which the proton is transferred, which hence becomes the hydroniumi on. Phenoli st aken as ar eference system, and three different water molecules are taken as candidatest ob ecome the hydronium ion. The first choice is clear:t he ÀOH group of phenol has ah ydrogen bond with one water molecule (A in Figure 5 ). This water molecule has ah ydrogenb ond with am olecule in the second solvation layer,w hich makes this molecule our second choice (B). Following the hydrogen-bonding network, at hird water molecule (C)i sa lso chosen. The larger the distance between the phenol anion and the hydronium ion, the more stable each ion can be in their own solvation layer.F rom the three selected molecules, however,s imulations for which we select molecule C are unstable. The acid proton does not remainb etween phenola nd the chosen water molecule and escapes to the surrounding solvent. Consequently, the collective variable as constructed is not able to maintain the protonw ire. For water molecules A and B,h owever,t he simulations are stable.
Twod ifferent simulations were then performed:w ith Dn c defineda st he difference between the coordination number of the phenol oxygen atom (OPh) and the oxygen atom of water molecule A (OA) in one simulation and with Dn c betweenO Ph and the oxygen atom of water molecule B (OB) in the other. The value of Dn c was varies between À0.836 and À2.177. These values correspond to protonated and deprotonated phenol and are estimated by averaging coordinationn umbers in short MD runs. From ac hemical point of view,v arying Dn c from À0.836 to À2.177 can be interpreted as the donating oxygen atom repelling neighboring protons, whereas the accepting oxygen atom will attractathird proton.
For each water molecule, snapshots corresponding to three values of Dn c are given in Figure 6 . These weret aken at the end of the simulations, so after approximately 35 ps. For A, one can clearly see that the protonh ops from the phenol to the neighboring water molecule. For B,t he proton first hops to the closestw ater molecule. All molecules are rather close to each other,w hich corresponds to ap rotonw ire. In the final snapshot,t he reaction is complete and the hydronium ion and phenol anion have moveda way from each other.T his is not observed in situation A,w hichc an be understood upon looking at the corresponding changes in free energy (Figure 7 ).
For A,t he free energy keeps rising as af unctiono fDn c : there is no clear plateau,w hich makes it difficult to define ap oint at whicht he "stable" product is formed. Ionsh ave the tendency to diffuse away from each other in aqueous solution, which is not possible with Dn c as constructed for A;t his explains why no plateau is formed. For B,h owever,aplateau is reachedb etween the eighth and ninth points, as the free energy barely changes, which corresponds with as table state. The absence of aclear product valley in the free-energy profile, whereas the reactionh as clearly finished( as can be seen from Figure 6 ), may be explained as follows. Phenol is an alkalic compound and thus the most stable state will alwaysc orrespond to that for which the protoni sb ound to the phenol. It is expected that in larger solvated systemst he hydronium ion and anion would diffuse further away from each other,w hich would be entropically favored. In the current setup of the system with as olvated box of 64 water molecules, it would be impossible to simulates uch effects. For furthers imulations with the use of the restrained MD method, we use the simulation for which B is selected as the accepting water molecule and choose the energy corresponding to the plateau to deduce the free-energyd ifference. In all simulations, this state corresponds to as lightly lower coordination number for the accepting oxygen atom (OB). This allowst he hydronium ion to reside in Zundel or Eigen ionic structures, which indeed have been shown to be lower in free energy. [40] Using the full free-energy profile for the simulation in which A is chosen as the hydronium ion, DF is 50.5 AE 4.1 kJ mol À1 , which corresponds to ap K a value of 8.9 AE 0.7. For the simulation in which B is the hydronium, DF is 54.7 AE 4.0 kJ mol À1 upon taking into account points 1t o9(and omitting the final point), whichc orresponds to ap K a value of 9.7 AE 0.7. These two valuesa re close to each other and both are reasonable estimateso ft he experimental pK a of 10.0. As discussed before, only for the simulation with B as the hydronium ion is there 
Overall, the results obtained with the restrained MD simulations reproduceq uite reliably the experimentally observed trend in the acidity constants.S ome simulations, however, show the same instability as that observed with molecule C in the case of phenol.M ore specifically,f or molecules 3, 4,a nd 7 the protone scapes to the solventu pons imulating at Dn c = À1.73. Molecule 6 provesm ore problematic:t he simulation is also unstablea tDn c = À1.43 and À1.88. As mentioned in Section 2, the protonw ire is only stable if both oxygen atoms (between which Dn c is calculated)s till want the acidic protoni n their proximities. These compounds have lower pK a values than phenol; consequently,t hey will have al ower inclination to have the proton close by.T hese points correspond to the situation in which the phenol is completely deprotonated but for which the chosen water molecule cannot yet become ah ydroniumi on (due to the chosen value of Dn c ). For molecule 6, both bromine substituents also give steric hindrance for the formation of ap roton wire, which makes it extra difficult to sample the reaction, as performed here. Therefore, the abovementioned points are omitted upon calculating the pK a values, and it is stressed that only stable simulations are used for the final results. Nevertheless, the resultso btained with the restrainedM Dm ethod are in good agreement with experiment for all phenols: the root-mean-square deviation is only 0.5 pK a units, with an average standard deviation of 0.9. The deviation from experiment is very low,a s2 .5 pK a units is generally considered as chemically accurate. [14] Even thought he resultsa re in excellent agreement with the experimentalv alues, the use of the differencei nc oordination number has two downsides. The first is general to all restrained MD simulations: the limited box size. As already mentioned, the phenol anion and hydronium ion are most stable if they can be far away from each other;t his allows each to have its own solvation shell.S econd, the simulation is unstable at some points of Dn c ,asthe protondoes not remaininthe originally defined proton wire but rather diffuses away.These shortcomings will be addressed in the following section by employing the insertion/deletion method.
Insertion/Deletion
In the insertion/deletion scheme, deprotonation of the acid (phenol or dye molecule) and protonationo ft he hydronium ion are considered in differentsimulations (schematically represented in the thermodynamic cycle of Figure 3 ). One could consider both to be at an infinite distance from each other. Furthermore, the proton" disappears" from the simulation into the gas phase, which makes it unnecessary to sample ap roton wire, as was the case with restrained MD. Therefore, the insertion/deletion scheme can address both previously found shortcomings.
The two quadraturesm entioned in Section2.2 to estimate the thermodynamic integral [Eq. (12) ] are evaluated here. For the trapezium rule [Eq. (14)],t he average energy difference hDEi betweent he protonated and deprotonated systems is evaluated during simulations of h equal to 0, 0.5, and 1. For h = 1, the dummy atom is an oninteracting particle. Given that it is essentially absent,the surrounding water molecules will arrange around the negatively charged oxygen atom and form hydrogen bonds. At each point of the simulation, however, DE is calculated between the dummy equal to an oninteracting particlea nd equal to ap roton. This might lead to energetically very unfavorable conformations, which can be seen from Figure 8 : for the simulation at h = 1, strongn egative peaks can be seen throughout the simulation. This is easy to understand from ac hemical point of view: these peaks correspond to geometries in which the dummy atom is very closet ot he proton of awater molecule that forms ahydrogen bond with the negatively charged oxygen atom.
The Gauss-Legendre quadrature [Eq. (15) ] has the advantage that the end points of the integration interval are not taken into account. More specificallyi no ur case, hDEi is evaluated during simulationso fh equal to 0.1127,0.5, and 0.8873.C hem- ically,t his implies that the proton is never fully absent:f or the highest value of h,t he dummy atom is still partially ap roton. Figure 8s hows that the strongn egative peaks in DE are gone for the simulation at h = 0.8873. This will lead to faster convergence of the integration, and therefore, the Gauss-Legendre quadrature will be used further on. Figure 9s hows the values and runninga verages of DE for phenol for the three values of h.I ti sc lear that very largef luctuations in DE are observed, even with the Gauss-Legendre quadrature.I ti st herefore important to perform relatively long MD simulations to obtain statistically relevant results. The insertion/deletion methoda sd iscussed above was then appliedt oa ll phenols,a nd the results are given in Ta ble 2. The calculated pK a,i/d values are in good agreement with the experimental ones. The root-mean-squared ifference between experiment and theory is 0.9 pK a units. Including zero-point energy (ZPE) corrections can have al arge effecto nt he final pK a :i ts effect can be negligible or amountu pt o0 .8 pK a units. On average, the effect is certainly non-negligible and lowers the root-mean-squared eviation to 0.7 pK a units. With inclusion of the ZPE corrections,t he deviation is comparable to the results found with restrained MD. The deprotonation energies with standard deviations can be found in the Supporting Information. The standard deviation on the pK a values is on average 1.0. Summarizing, the insertion/deletion scheme is capable of predicting pK a values in good agreement with experiment.
The goal of this contribution is to apply advanced MD methods for the calculation of pK a values for large solvated dye molecules. For reference, as tatic approachi sa lso evaluated and is discussed in the Supporting Information. Ho and Coote recommend use of computationally expensive methods such as G3MP2o rC BS-QB3 for the gas-phase energies. [33] For bromothymol blue, an estimation based on DFT is made in the Supporting Information, as such methods are not feasible and are beyond the scope of this study.Inthe previous part, the restrainedM Dm ethod was shown to provide accurate results relative to experiment, but the insertion/deletion schemep rovided the most stable simulations, as certains hortcomings found with restrainedM Dc ould be circumvented. Therefore, preference was given to this methodf or application to the dye molecule bromothymolb lue.
As napshot during the MD simulation of the solvated bromothymol blue system is shown in Figure 10 . The system consists of 473 atoms in total, which is very large and explainst he slight adaptation in computational parameters (see Section 5). The pK a value calculated through the insertion/deletion schemea mounts to 7.8 AE 1.1, which is very close to the experimental value of 7.4. The ZPE corrections are also calculated, but in this case, they have no effect on the final pK a .
Sampling at differentvalues of h has, of course,alarge influence on the solvation of the solute, whichi si llustrated in Figure 11 .H erein, the radial distribution functions (RDFs) for solvated phenol (compound 1), as prototypef or the phenol derivatives, and bromothymol blue are given. In this case, the RDF is ap robability distribution that indicates the probability of finding as olvent proton at ac ertain distance from the donating oxygen atom. To determine the amount of protons at ac ertain distance (i.e. in as pecifics olvationl ayer), the RDF can be integrated. This results in ac umulative RDF (CRDF), also shown in Figure 11 .T he acid proton (the dummy atom) is not included in the RDF calculation, as this would give ac onstant peak around 1 ,regardlessoft he value of h.
For the phenol molecule (Figure 11 a) , the following observations are made. With h = 0.1127, the RDF showsarelatively small peak at ad istance of around 1.87 .T his peak defines the positiono ft he first solvation layer around the phenol oxygen atom, which corresponds to ah ydrogen bond. The averaged amount of water molecules in this layer can be determinedf rom the value of the CRDF after the first solvation layer,w hich is about 0.75. This can easily be understood: the phenol oxygen atom is stillb onded to the dummya tom (whichi sa lmost af ull proton) and, therefore, has only one free electron pairf or accepting ah ydrogen bond.A pparently,7 5% of the time, such ah ydrogen bond is indeed present. For h = 0.8873, the dummya tom is almostc ompletely noninteracting (withoutacharge). The first solvation layer is much closer, around1 .71 ,a nd from the CRDF it is derived that on average 2.3 water molecules are located in this solvation layer.T he simulationsf or h = 0.50 showi ntermediate values, with af irst solvation layer at 1.77 that contains on average 1.4 water molecules. These resultsc onfirm that we are effectively sampling ap artial proton and also clearly show that the solvent undergoes large conformational changes;athree-point quadrature (insteado falinear approximation) is therefore indeed necessary. For bromothymolb lue (Figure 11 b) , av ery similar effect is seen on the RDF.T he largestd ifference with the RDFs for phenol is the heights of the peaks. This can be attributed to steric hindrance aroundt he acid OH group in the dye molecule (see Figure 1) . Specifically,f or h = 0.1127, the probability of finding as olvent protonn earby is almostn egligible. For h = 0.50, af irst solvation layer is observed at ad istance of 1.93 , which contains on average 0.6 water molecules.I ft he acid proton is almost completely removed (h = 0.8873), am uch strongers olvationi so bserved. The first solvation layer is shifted to 1.81 with on average 1.84 water molecules. Note that this is stilll ess than that observed for phenol (2.3 water molecules), whichagain showst he effect of steric hindrance.
The employed MD simulations combinedw ith the insertion/ deletions cheme are thus accurate enough to be used in apredictive manner for complex, realistic systems. The ability to predict acidity constants is ab ig step towards the development of novel sensor materials. More specifically,t his allows the pK a values of modified dye molecules to be predicted and the effect of different, more complex environments to be studied.
Conclusions
For the design of intelligent materials,i ti sc rucial to be able to governt he factors determining their sensitivity.I nt he case of pH-sensitive polymers, the acidity constant (pK a )i sof utmost importance,a si td etermines the pH region in which the sensor is active. In this contribution, we showed that advanced molecular dynamics (MD) were capable of calculating pK a valuesf or large solvated dye molecules.
TwoM D-based methods were discussed and first evaluated on as et of phenol derivatives. The first method was restrained MD, for whichanovel reactionc oordinate was proposed. The commonly used coordinates, namely,acoordination number or ad ifference in distance, showed difficulties in maintaining control of the entire reaction. Therefore, ad ifferent coordinate was utilized, namely,adifference in coordination numbers, Dn c .T hisc oordinate allowed us to sample the full deprotonation reaction ( Figure 12 ), including ap roton wire. It was observed that the free energies formed ap lateau at values of the coordinate corresponding with Zundelo rE igen ionic structures. The averaged eviation from experiment was only 0.5pK a units, whichmakes this approachvery promising.
The second method was the insertion/deletion scheme, as originally proposed by the group of Sprik. This procedureh as the advantage that deprotonation of the phenol and protonation of aw ater molecule (to ah ydronium ion) are sampled in differents imulation boxes. No issues with stabilityo ft he simulation arose, and the phenol and hydronium ion could be considered to be infinitely far way from each other.T he resultsobtained with this method were also in good agreement with experiment, with an average deviation of 0.7 pK a units.
Even thoughb oth methods provided good resultsr elative to experiment for the phenold erivatives, the insertion/deletion scheme did not show the same issues as the restrained MD simulations (such as the escaping proton). Therefore, this methodw as chosen to apply to the sulfonphthaleine dye bromothymol blue. The deviation between experiment and theory was found to be only 0.4 pK a units, which thusc onfirmed the insertion/deletion scheme to be ar eliable method for calculating the pK a values of large solvated dye systems. This procedure illustrates that the presented computational techniques are accurate enought op redict acidity constantso ft hese large, complex systems. This will allow us to predict the pK a values of modified dyes or dyes in more complex environments in the future.
ComputationalDetails
All simulations in this work were performed by using the CP2K/ Quickstep package. [74] Electronic structures were calculated with density functional theory,w hich was implemented on the basis of ah ybrid Gaussian plane wave (GPW) approach. [75] The BLYP functional was used for the exchange correlation, [76, 77] whereas Grimme D3 dispersion corrections were used to improve van der Waals interactions. [78] GTH pseudopotentials were employed to avoid calculations of core configurations. [79] The GTH-TZV2P basis set was used for the Gaussian basis and the plane wave kinetic energy cutoff was set to 400 Ry.F or bromine, the MOLOPT DZVP basis set was chosen. [80] To allow for energy conservation during the Born-Oppenheimer molecular dynamics, wavefunction optimization tolerance was set to 0.3 10 À7 Hartree. To enlarge the MD time step, we replaced the hydrogens atoms by deuterium atoms, which allowed energy conservation with a0 .75 fs time step to be maintained. Te mperature was initially brought to the desired 320 Kw ith aC SVR thermostat, after which the temperature was maintained at 320 Kb yu sing aN osØ-Hoover chain thermostat with four beads. [81, 82] The higher temperature was chosen to avoid the glassy (over structured) behavior of BLYP liquid water found at lower temperatures. [83] The models used in this work consisted of 3D periodically repeated cubic cells with al attice parameter of 12.462 .T his corresponded to the volume of 64 water molecules at experimental density, which was used for the pure water simulations. For the solvated phenols, the same system size was used. This allowed us to rely on error compensation upon calculating the total free-energy change for the insertion/deletion scheme. From the solvated phenol systems, an amount of water molecules was removed to maintain atmospheric pressure. This amount was estimated by performing several force-field simulations at fixed volume with ad ifferent amount of water molecules and averaging the pressure by using ap ure water simulation as reference. The force fields were generated by antechamber (part of AmberTools) and made use of the General AMBER Force Field (GAFF). [84, 85] For the solvated phenol, 59 water molecules were required to achieve atmospheric pressure, whereas for the singly and doubly substituted components 58 and 57 water molecules were needed, respectively.4 -Hydroxybenzoic acid required 59 water molecules, as the carboxylate group strongly interacted with the solvent.
Bromothymol blue required al arger solvent box, namely,acubic cell with a1 6.863 lattice size, which corresponded to the volume of 160 water molecules at experimental density.T oobtain atmospheric pressure, 137 water molecules were needed to solvate bromothymol blue. Due to the system size, the SCF convergence setting was lowered to 1 10 À6 Hartree, which was combined with ap lane wave kinetic energy cutoff of 320 Ry and aG TH-TZVP basis set. The same settings were also chosen for the pure water simulation with 160 molecules.
Initial structures of the solvated systems were generated by Packmol. [86] Radial distribution functions were calculated through the analysis packages in YAFF; [87] visualization of the MD simulations was done with VMD. [88] Block averaging methods were used to estimate standard deviations on the obtained forces and hDEi values. [89] 3D molecular representation were generated by CYLview. [90] For the restrained MD simulations, each simulation point was equilibrated for at least 12 ps, after which the forces were averaged over 19 ps (25 000 steps). For the insertion/deletion scheme, the equilibration runs were minimal 15 ps, and the production runs consisted of a3 0psM Ds imulation, whereas the simulation for the hydronium was run for 45 ps, as DF H 3 O þ was used for every pK a calculation.
A. Appendix
A.1. Collective Variables for Restrained MD
Aw ell-chosen reaction coordinate is crucial to obtain an accurate free-energy profile, of which two are commonly used to study proton-transfer reactions (see below). [53] These coordinates are preferably chosen to be one dimensional, as this greatly reduces the amount of simulations that need to be performed. The first commonly used coordinate is ac ontinuous function that estimates the coordination number, n c ,o ft he number of hydrogen atoms within ac utoff distance r 0 of the donor oxygen atom [Eq. (16)]: [65] n c ¼ X
in which i runs over all hydrogen atoms of the solvent and the acid proton and n and m are constants (in this work, 8a nd 16, respectively).
The argument of the summation assumes av alue close to unity if the bond distance r(OÀH i )i ss maller than r 0 and switches to zero if r(OÀH i ) @ r 0 .F or ap henol molecule with r 0 set to 1.2 ,f or instance, only the acidic proton will contribute significantly.T he coordination number will then be close to one;c onsequently,o ne proton is bonded to the donor oxygen atom. For the phenol anion, each term in the summation will have av alue close to zero. Therefore, by construction, this function gives an estimate of the amount of protons bonded to the donor oxygen atom.
This coordinate has the advantage that the acid proton is not specified. As in real water,a ll protons are treated equally.U pon simulating low values of n c ,h owever,t he acidic proton is transferred to the solution and the coordinate is no longer able to exactly determine the position of the proton. Indeed, al ow value of n c can be achieved not only by one (relatively) close proton that is still partially bonded to the donor oxygen atom but also by several small-distance hydrogen bonds.
The second commonly used coordinate includes the distance between the donor oxygen atom O AH and the acidic proton H, as well as the distance between the acid proton Ha nd the oxygen atom of the accepting water molecule O w [Eq. (17)]: [53] Dr ¼ rðO AH À HÞ À rðO w À HÞð 17Þ in which Dr is the difference between the distance of the proton to the donating oxygen atom (of the acid AH) and the distance of the proton to the accepting water oxygen atom. If we assume the equilibrium O AH ÀHd istance to be approximately equal to 1.0 and the equilibrium O w ÀHd istance to be equal to 1.8 (a hydrogen bond), this coordinate will vary from À0.8 (phenol) through 0.0 (if the proton is equidistant between both oxygen atoms) to 0.8 (if the phenol is completely deprotonated). The downside of this coordinate is that if the proton is transferred to the accepting water molecule, another proton of this molecule might jump to as econd water molecule and so forth. In this case, the coordinate again is not able to follow the proton once the phenol is deprotonated.
A.2. Restraining Potentials and Corrections Factorsf or the Insertion/Deletion Scheme
Computationally,t he various values of h are sampled through ad ummy atom. At h = 0, this dummy atom is ap roton, whereas at h = 1, it is essentially anoninteracting particle. This allows us to calculate the energies and forces for AH and A À ,a ss hown in Figure 4 . One can thus interpret that for the intermediate values of h,t his dummy is ap artial proton with ap artial positive charge. During aM Dt rajectory,t he position of the dummy atom is governed by its interactions. At lower values of h,t his is substantial, which keeps it apart from other atoms. However,i fh approaches unity,t he interactions will decrease and vanish (h = 1), which would allow it to move close to other atoms. Upon calculating the vertical energy gap, this could lead to extremely large energy values due to bad configurations (e.g. if the dummy'sp osition coincides with another atom). Therefore, restraining potentials are used to keep the dummy atom at positions that would be accessible for ap roton. Apart from solving the sampling problem, restraining potentials may also be very useful to study strong acids. Without ar estraining potential, the proton would quickly diffuse into the solvent medium, and it would be very hard to sample the protonated state. Therefore, we opt to use restraining potentials to ensure statistically efficient sampling for all values of h.T his procedure applied here was introduced by Costanzo et al. [56] The extra restraining potentials are chosen to be harmonic [Eq. (18) ]:
in which k r , k q ,a nd k f are force constants. The equilibrium values (denoted by the subscript eq) are determined from the time average of the MD runs. The force constants need to be chosen large enough to keep the dummy in place against thermal fluctuations, but they must not be too large to avoid al arge bias on the free energies. They are chosen such that fluctuations in bond lengths, for instance, of the dummy atom, are comparable to the fluctuations in simulations with an actual proton. For each phenol derivative, the following parameters were chosen (in au): r eq = 1.89 a 0 , k r = 0.1 Ha a 0
À2
, q eq = 1.94 rad, k q = 0.1 Ha rad
, f eq = p rad, k f = 0.01 Ha rad À2 ;h erein a 0 stands for Bohr and Ha for Hartree, the atomic units for distance and energy,r espectively.T he dihedral angle serves to keep the dummy atom in the plane of the benzene ring. For the pure water simulation, three distance restraining potentials were used to keep the dummy atom and the two other protons bound to one oxygen atom, effectivelysampling ahydronium ion: r eq = 1.89 a 0 , k r = 0.1 Ha a 0 À2 .
The use of restraining potentials has an important implication on the free energies. Instead of the deprotonation reaction [Eq. (1)], for which the proton is completely removed (and thus presumed to be in the gas phase), we are instead sampling the discharge of this proton into anoninteracting dummy [Eq. (19) ]:
AH ðaqÞ ! Ad
À ðaqÞ ð19Þ
This dummy atom is indeed noninteracting, but it is still restrained by the above-defined potentials. Therefore, the thermodynamic integral [Eq. (12) ] will only take into account the discharge of the proton into the neutral dummy atom but not the (mainly entropic) contribution of releasing this dummy atom into the gas phase. The reader is referred to the appendix of the article by Costanzo et al. [56] for an in-depth discussion of the derivation of the freeenergy correction factors. In addition, the difference in zero-point energy (ZPE) of the proton bound to the acid AH and bound to the hydronium ion can also be taken into account.
With the inclusion of these correction factors, the final expression for the pK a is given by the difference in two thermodynamic integrals [Eq. (12) ],o ne for the acid AH and one for the hydronium ion H 3 O + ,o ne correction factor,a nd the difference in two zero-point energy contributions [Eq. (20) ]:
for which c o = 1mol L À1 is the unit molar concentration and L H + is the thermal wavelength of ap roton. Herein, DF AH and DF H3O þ can be determined by using the thermodynamic integral [Eq. (12) ] discussed above. The k B Tln(c o L H þ3 )t erm is ac onstant taking into account the entropy change associated with the release of the dummy atom attached to AH into the gas phase. This term equals À3.2 pK a units.
To accurately determine the ZPE contributions of the proton, path integral dynamics within the solvent environment would be re- The ZPE energy corrections (E zp )i nt he above equations are easily determined through as tatic calculation. In this work, this was performed in the Gaussian software package at the IEF-PCM-M06-2X/ 6-311g(d,p) level of theory. [91, 92] As the D zp values obtained this way are only an estimate of the real ZPE of the proton, we will report pK a values calculated with and without ZPE corrections, denoted pK a,i/d and pK a,i/d * ,r espectively (in which the subscript i/d denotes the insertion/deletion scheme).
